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ABSTRACT
7KHUHSODFHPHQWRIVXOIDWHPLQHUDOVE\FDOFLXPFDUERQDWHSRO\PRUSKVFDUERQDWLRQKDVLPSRUWDQW
implications in various geological processes occurring in Earth surface environments. In this paper we 
UHSRUWWKHUHVXOWVRIDQH[SHULPHQWDOVWXG\RIWKHLQWHUDFWLRQEHWZHHQDQK\GULWHDQG
surfaces and Na2CO3 aqueous solutions under ambient conditions. Carbonation progress was monitored 
E\JODQFLQJLQFLGHQFH;UD\GLIIUDFWLRQ*,;5'DQGVFDQQLQJHOHFWURQPLFURVFRS\6(0:HVKRZ
that the reaction progresses through the dissolution of anhydrite and the simultaneous growth of calcite. 
The growth of calcite occurs oriented on the three anhydrite cleavage surfaces and its formation is 
accompanied by minor vaterite. The progress of the carbonation always occurs from the outer-ward to 
WKHLQQHUZDUGVXUIDFHVDQGLWVUDWHGHSHQGVRQWKHDQK\GULWHVXUIDFHFRQVLGHUHGZLWKWKHVXUIDFH
EHLQJPXFKPRUHUHDFWLYHWKDQWKHDQGVXUIDFHV7KHWKLFNQHVVRIWKHIRUPHGFDUERQDWH
layer grows linearly with time. The original external shape of the anhydrite crystals and their surface 
GHWDLOVHJFOHDYDJHVWHSVDUHSUHVHUYHGGXULQJWKHFDUERQDWLRQUHDFWLRQ7H[WXUDOFKDUDFWHULVWLFVRI
the transformed regions, such as the gradation in the size of calcite crystals, from ¾2 +m in the outer 
region to ¾17 +m at the calcite-anhydrite interface, the local preservation of calcite crystalographic 
orientation with respect to anhydrite and the distribution of the microporosity mainly within the car-
ERQDWHOD\HUZLWKRXWGHYHORSPHQWRIDQ\VLJQL¿FDQWJDSDWWKHFDOFLWHDQK\GULWHLQWHUIDFH)LQDOO\ZH
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INTRODUCTION
Mineral replacement reactions are common phenomena in a 
wide variety of environments and physicochemical conditions 
within the Earth. Such reactions often involve the dissolution of 
the parent phase as a result of its interaction with an aqueous fluid 
DQGWKHVLPXOWDQHRXVSUHFLSLWDWLRQRIWKHSURGXFW3XWQLV
7KHFRXSOLQJEHWZHHQWKHNLQHWLFVRIERWKSURFHVVHVGLVVROXWLRQ
and crystallization, determines the preservation of the shape of 
the reactant to a scale that can reach the accurate reproduction of 
delicate details of its surface as well as its internal microstructure 
;LDHWDOD7KHVFDOHRIWKHSVHXGRPRUSKLVPLVLQGHHG
WKH UHVXOW RI KRZ SHUIHFW WKLV FRXSOLQJ LV 3|PO HW DO 
)HUQiQGH]'tD]HWDO
The progress of mineral replacement reactions requires the 
continuous contact between the fluid phase and the interface 
between the primary and secondary phases where the reactions 
occur. Such contact is guaranteed when the mineral replacement 
LQYROYHV WKH JHQHUDWLRQ RI VLJQLILFDQW PLFURSRURVLW\ 3XWQLV
6XFKSRURVLW\LVIUHTXHQWO\DFRQVHTXHQFHRIGLIIHUHQFHV
in solubility and molar volumes between the primary dissolving 
phase and the secondary precipitating phase. However, other 





the product, the mineral replacement reaction can be accompa-
nied by a volume reduction. This volume reduction is balanced 
by the generation of porosity, which allows the preservation 
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RIWKHRULJLQDOH[WHUQDOVKDSH3ROORNHWDO3XWQLV
5XL]$JXGRHWDO7KHVSHFLILFFRQWULEXWLRQRIWKH
differences in solubility, molar volume, starting fluid composi-
tion, and solid-liquid volume ratio to porosity generation needs 
to be evaluated in each particular case.
$GGLWLRQDOO\WKHH[LVWHQFHRIFU\VWDOORJUDSKLFUHODWLRQVKLSV
between the primary and secondary phases can promote the 
epitactic growth of the product on the surface of the reactant 
;LDHWDODE4LDQHWDO7KLVFDQOHDGWRWKH





*\SVXP &D624Â+22 DQG DQK\GULWH &D624 DUH WKH
most common sulfate minerals in Earths surface environments 
$QWKRQ\HWDO%RWKVXOIDWHPLQHUDOVFDQEHUHSODFHGE\
other phases as a result of their interaction with fluids of variable 
compositions and this happens particularly often under Earth 
VXUIDFHFRQGLWLRQVHJ)UH\HUDQG9RLJW'LIIHUHQWVWXG-
ies have highlighted the relevance of replacement phenomena 
involving sulfate minerals in the context of a range of geological 
SUREOHPV)RUH[DPSOH+DQRUSURSRVHGWKHLQWHUDFWLRQ
RIJ\SVXPDQGRUDQK\GULWHZLWKIOXLGVWKDWEHDU%DDQG6UDV
DNH\SURFHVV LQ WKH IRUPDWLRQRI ODUJH VHGLPHQWDU\GHSRVLWV
RI FHOHVWLQH 6U624 0DQ\ RWKHU DXWKRUV KDYH UHSRUWHG WKDW
calcium sulfate minerals can be replaced by calcium carbonate 




mechanisms of the calcium sulfate to calcium carbonate replace-
ment reactions are still poorly understood.
$OWKRXJK J\SVXP LV WKHUPRG\QDPLFDOO\ WKH PRVW VWDEOH
calcium sulfate phase below ¾60 $C, the solubility of anhydrite 
DQGJ\SVXPDUHZLWKLQWKHVDPHRUGHURIPDJQLWXGHKsp,gypsum = 
10<4.58, Ksp,anhydrite = 10
<4.36)UH\HUDQG9RLJW%RWKPLQHUDOV
have been reported to transform into CaCO3 when in contact with 
DFDUERQDWHEHDULQJDTXHRXVVROXWLRQ)O|UNHDQG)O|UNH
)UH\HUDQG9RLJW)RUERWKSRO\PRUSKVWKLVWUDQVIRUPD-
tion involves dissolution-crystallization reactions and commonly 
results in the preservation of the external shape of the initial 
VXOIDWHFU\VWDOV)UH\HUDQG9RLJW([SHULPHQWVIROORZLQJ
the interaction between acidic, SO4
±-bearing solutions and calcite 
surfaces have shown that gypsum grows oriented on calcite cleav-
DJHVXUIDFHV%RRWKHWDO2IIHGXHWDO6LPLODUO\
limestone sulfation experiments at around 700 $C confirmed that 
DQK\GULWHDOVRJURZVRULHQWHGRQFDOFLWHVXUIDFHV+XHWDO
VXJJHVWLQJLQERWKFDVHVWKHH[LVWHQFHRIFU\VWDOORJUDSKLF
relationship between both structures. However, we have previ-
RXVO\VKRZQWKDWWKHLQWHUDFWLRQEHWZHHQJ\SVXPVXUIDFHV
and carbonate-bearing aqueous solutions at ambient Earth surface 
conditions proceed by an initial random nucleation of calcite 
RQJ\SVXPVXUIDFHVDOWKRXJKDVWKHUHDFWLRQSURJUHVVHV
competitive growth between the randomly oriented calcite crys-
tals results in an orientation selection that leads the formation of 
SDUDOOHOFROXPQOLNHFDOFLWHFU\VWDOVHORQJDWHGDORQJ>@DQG
perpendicularly arranged with respect to the original gypsum 
VXUIDFH%DUQDDQG$GDPLN)HUQiQGH]'tD]HWDO
7KHSRVVLEOHH[LVWHQFHRUDEVHQFHRIHSLWDFWLFUHODWLRQ-
ships between calcite, the stable CaCO3 polymorph at Earth 
surface conditions, and calcium sulfate phases together with the 
similar solubility products at 25 $C for gypsum and anhydrite, 
PDNHWKHFDUERQDWLRQRIWKHVHSKDVHVDQLQWHUHVWLQJFDVHVWXG\IRU
mineral replacement investigations. Moreover, the carbonation 
of calcium sulfate minerals has been recognized as responsible 





porosity increases the number of possible fluid pathways and the 
SHUPHDELOLW\RIWKHKRVWURFNV,QDGGLWLRQWRWKLVWKHVHUHDFWLRQV
are important because recent studies have showed that CaSO4 
phases can potentially be used as raw materials for sequestering 
CO2E\PLQHUDOL]DWLRQRIFDUERQDWHSKDVHV3pUH]0RUHQRHWDO
$]GDUSRXUHWDO)LQDOO\XQGHUVWDQGLQJWKHIDFWRUV
that control the reaction pathways involved in the carbonation 
of calcium sulfate minerals can shed light on the mechanism 
that leads to the development of specific textures in a range of 
PLQHUDOUHSODFHPHQWSURFHVVHV5XL]$JXGRHWDO
7R ILOO WKLV JDS LQ RXU NQRZOHGJH ZH UHSRUW KHUH RQ WKH
UHVXOWVRIDQH[SHULPHQWDOVWXG\RIWKHNLQHWLFVDQGPHFKDQLVP
of anhydrite carbonation under conditions that are relevant for 
industrial processes and can be extrapolated to those commonly 
IRXQG LQQDWXUDOHQYLURQPHQWV:HFRPSDUHRXUREVHUYDWLRQV
on anhydrite to results previously obtained on gypsum carbon-
DWLRQ2XUJRDOZDVWRHYDOXDWHWRZKDWH[WHQWGLIIHUHQFHV
in the molar volume change involved in the replacement and 
WKHODFNH[LVWHQFHRIHSLWDFWLFJURZWKEHWZHHQSULPDU\DQG
VHFRQGDU\SKDVHVLQIOXHQFHVFDUERQDWLRQUHDFWLRQSDWKZD\V:H
will show how the combination of both factors determines the 
development of specific textural features and affects the progress 
of the replacement reaction.
EXPERIMENTAL DESIGN
Experiments were carried out by putting freshly cleaved anhydrite fragments 
in glass vessels containing 1 mL of a commercial 0.5 M Na2CO3 aqueous solution 
S+5)OXND7KHYHVVHOVZHUHLPPHGLDWHO\FORVHGZLWKDSRO\SURS\OHQHFDS
to avoid exchange with CO2LQWKHDWPRVSKHUHDQGHYDSRUDWLRQ$OOH[SHULPHQWV
were performed using natural slightly blue, highly pure anhydrite crystals from 
1DLFD&KLKXDKXD0H[LFR3ULRUWRWKHH[SHULPHQWVWKHFU\VWDOVZHUHFOHDYHG
SDUDOOHOWRDQGIDFHVZLWKDNQLIHHGJHWRREWDLQIUDJPHQWVRI





in triplicate at 25 ( 0.5 $C and atmospheric pressure. The samples were recovered 
from the solutions after times that ranged between 1 min and 1 month, followed by 
rapid drying using absorbent paper, and subsequently placing the resulting solids 
into a desiccator at room temperature prior to further analyses.
6DPSOHVZHUHDQDO\]HGXVLQJJODQFLQJLQFLGHQW;UD\GLIIUDFWLRQ*,;5'
DQDO\VHVZLWKD3$1DO\WLFDO;¶3HUW35205'GLIIUDFWRPHWHUHTXLSSHGZLWKD
CuK_ X-ray source, an X-ray parabolic mirror in the incident beam and a paral-
OHOSODWHFROOLPDWRUZLWKIODWJUDSKLWHPRQRFKURPDWRULQWKHGLIIUDFWHGEHDP;H
SURSRUWLRQDOGHWHFWRU6FDQVZHUHUHFRUGHGEHWZHHQDQG$ڧDW$VVFDQUDWH
and a step size of 0.05$. The angle of incidence was 1$, which allowed obtaining 
LQIRUPDWLRQFRUUHVSRQGLQJWRWKHVKDOORZOD\HUVPLQLPL]LQJWKHSUHVHQFHRISHDNV
FRPLQJIURPWKHEXONRIWKHDQK\GULWHFU\VWDO'LIIUDFWLRQSDWWHUQVZHUHFRPSDUHG
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WRVWDQGDUGSRZGHUGLIIUDFWLRQILOHVIURPWKH,&''3')GDWDEDVHUHOHDVH
00-037-1496 for anhydrite, 01-071-3699 for calcite, and 00-024-0030 for vaterite. 
$VHPLTXDQWLWDWLYHHVWLPDWHRIWKHSHUFHQWDJHRIWKHGLIIHUHQWFU\VWDOOLQHSKDVHV
forming on the outer part of the carbonated layer was performed using the reference 
LQWHQVLW\UDWLR5,5PHWKRG6Q\GHU5HDFWHGVDPSOHVZHUHSODFHGRQDQ
DOXPLQXPVWXEFRYHUHGE\DVWLFN\FDUERQSDGRUPRXQWHGRQJODVVVOLGHDQGHPEHG
in a synthetic epoxy resin and polished using diamond laps to investigate the contact 
between the anhydrite and the replaced layer. Then samples were imaged using a 
-(2/-606FDQQLQJ(OHFWURQ0LFURVFRSH6(0N9ZRUNLQJGLVWDQFHRI
QPHTXLSSHGZLWKD/,1.([HQHUJ\GLVSHUVLYHVSHFWURPHWHU%RWK*,;5'
analyses and SEM observations were conducted on specific anhydrite surfaces after 
set interaction times. In those cases the orientation of the anhydrite surface of inter-
est was established prior to the experiments by observing the interference figures 
LQDSRODUL]HGOLJKWPLFURVFRSH7KHSURJUHVVRIWKHUHSODFHPHQWDQGLWVWKLFNQHVV
were determined by measuring the width of the transformed layer on SEM images 
RIVHFWLRQVRISRVWUHDFWLRQVDPSOHVXVLQJWKH,PDJH-VRIWZDUH5DVEDQG
RESULTS
Reaction pathways in anhydrite carbonation
The carbonation reaction begins on anhydrite surfaces im-
mediately after the crystals are immersed into the 0.5 M Na2CO3 
DTXHRXVVROXWLRQ*;5'GDWD)LJFRQILUPFDOFLWHDVWKHPDLQ
component forming on the outer layer of the reacted anhydrite 
samples from the very early stages of the carbonation process. 
This was irrespective the anhydrite surface considered. This 
reaction seems to progress via the dissolution of anhydrite and 
the simultaneous formation of calcite crystals. Evidences of 
both processes can be clearly detected on the images of anhy-




considered anhydrite surfaces during the first 30 min of inter-
DFWLRQ )LJ E7KH QHZO\ IRUPHG FDOFLWH FU\VWDOV ZHUH QRW
randomly distributed on the anhydrite surface but they were 
VSDWLDOO\UHODWHGWRHWFKSLWVRUVWHSHGJHV)LJEDQGWKHLUVL]H
increases with increasing interaction time: after 1 min the size 
of calcite crystals varied between ¾±+m and it reached 
¾12 +PDIWHUZHHN)LJG7KHSURJUHVVRIWKHLQWHUDFWLRQ
leads to a complete coverage of the anhydrite surface after a 
IHZ KRXUV ¾ K )LJ F &DOFLWH FU\VWDOV VKRZ WKH W\SLFDO
UKRPERKHGUDOKDELWZLWKIODWIDFHVDQGVKDUSHGJHVDQGQR
modification in the general characteristics of the rhombohedral 
habit of calcite were observed.
Significant differences in the extent of coverage by CaCO3 
phases and the pathway of carbonation were detected at the early 
stages of the reaction on different anhydrite surfaces. For ex-
ample, after 1 h of reaction, the coverage was almost complete on 
WKHDQK\GULWHVXUIDFH)LJDZKLOHRQWKHVXUIDFH
it reached ¾)LJEDQGRQWKHVXUIDFH¾47% only 
)LJF,QDGGLWLRQERWKFDOFLWHDQGYDWHULWHZHUHSUHVHQWRQ
the anhydrite surfaces. However, the amount of vaterite observed 
coexisting with calcite at the early stages of reaction also varies 




after the beginning of experiments evidence that irrespective the 
anhydrite surface studied calcite was the most abundant CaCO3 
SRO\PRUSK:HDNUHIOHFWLRQVWKDWFRXOGEHDVVLJQHGWRYDWHULWH
ZHUHGLVWLQJXLVKDEOHLQWKH*;5'SDWWHUQFROOHFWHGIURP
DQK\GULWH VXUIDFHV )LJ D7KHVH UHIOHFWLRQV DUH H[WUHPHO\
ZHDNLQWKH*;5'SDWWHUQFROOHFWHGRQWKHVXUIDFHDQG
DEVHQWRQWKHSDWWHUQVREWDLQHGIURPWKHDQK\GULWHVXUIDFH
)LJV E DQG F7KHVH UHVXOWV ZHUH DOVR FRQILUPHG E\ WKH
scarcity observed of vaterite aggregates in SEM images of each 





patterns revealed the presence of only reflections that could be 
assigned to calcite and this was irrespective the anhydrite cleav-
DJHVXUIDFHFRQVLGHUHGHJ)LJF
FIGURE 1. GXRD patterns obtained after the interaction of anhydrite 
FOHDYDJHVXUIDFHVZLWK01D2CO3DTXHRXVVROXWLRQGXULQJa
KbKDQGcGD\7KHPDLQhklUHÀHFWLRQVIRUDQK\GULWH
$1+ DQG  FDOFLWH FF DUH LQGLFDWHG$OO RWKHU PLQRU SHDNV
correspond to either calcite or anhydrite.
FIGURE 2. 6(0SKRWRPLFURJUDSKVRIDQDQK\GULWH VXUIDFH
after reaction with a 0.5 M Na2CO3DTXHRXVVROXWLRQVIRU aPLQ
bPLQcKDQGdGD\V1RWH WKHSURJUHVVLYH LQFUHDVH LQ
both, the degree of coverage of the anhydrite surface and the size of the 
growing calcite crystals.
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Textural characteristics of calcite pseudomorphs after 
anhydrite
SEM photomicrographs reveal that calcite crystals appear to 
share a mutual orientation with the initial anhydrite, suggesting 
HSLWDFWLFJURZWKRQHDFKDQK\GULWH VXUIDFH )LJ:H IRFXV
IURPKHUHRQRQWKHREVHUYDWLRQVRQWKHDQK\GULWHVXUIDFH
6LPLODUIHDWXUHVDUHDOVRREVHUYHGRQDQG2QWKLV
epitactic relationship becomes apparent after 1 min of interaction 
)LJDDQGDWOHDVWORFDOO\UHPDLQVZHOOGHILQHGDIWHUSURORQJHG
LQWHUDFWLRQWLPHVGD\V)LJG
The original external shape of the anhydrite crystals as well 
as fine details of their surfaces including their cleavage steps 
DUHSUHVHUYHGGXULQJWKHFDUERQDWLRQUHDFWLRQ)LJD&DOFLWH
pseudomorphs after anhydrite are bounded by well-defined faces 
DQGVKDUSHGJHV)LJD7KHEDFNVFDWWHUHOHFWURQ%6(PLFUR-
graph in Figure 5b shows a section of an anhydrite crystal partially 
transformed into CaCO3 after 3 days of reaction. Differences in 
contrast between the CaSO4 and CaCO3 phase evidence the extent 
of the transformation. It is apparent that the carbonation reaction 
progresses from outward to inward of the anhydrite crystal and 
a well-defined reaction front developed. Eventually, the reaction 
progresses and finishes with the formation of pseudomorphs exclu-
VLYHO\FRQVLVWLQJRIFDOFLWH)LJD7KHUHSODFHGOD\HUFRQVLVWVRI
calcite crystals, which at least locally were oriented with respect to 
WKHRULJLQDODQK\GULWHVXUIDFH)LJVFDQGG$JUDGXDOLQFUHDVH
in the size of the formed calcite crystals is also apparent, with 
those closer to the interface with the retreating anhydrite surface 
EHLQJVLJQLILFDQWO\ODUJHUPHDQVL]H( 2.5 +PWKDQWKRVHRQ
WKHRXWHUULPPHDQVL]H( 0.8 +P7KHFRQWDFWEHWZHHQWKH
replaced layer and the retreating anhydrite surface is sharp and no 
significant gap was observed at the interface. The replaced layer 
armoring the original anhydrite shows a homogeneous aspect, 
yet the carbonate layer also shows an evenly distributed porosity 
consisting of small pores located at the contact between slightly 
misoriented calcite crystals or between calcite crystals that show 
GLIIHUHQWRULHQWDWLRQVZLWKUHVSHFWWRDQK\GULWH)LJG
Reaction kinetics of anhydrite carbonation
The change in the width of the transformed region over time 
as obtained from evaluating SEM images is show in Figure 6. 
7KHWKLFNQHVVRIWKHFDUERQDWHOD\HULQFUHDVHOLQHDUO\ZLWKWLPH
LQGLFDWLQJQRFKDQJHLQWKHWUDQVIRUPDWLRQUDWHDVWKHWKLFNQHVV
RI WKH FDUERQDWH OD\HU FRDWLQJ WKH DQK\GULWH FRUH LQFUHDVHV
,W WDNHV DSSUR[LPDWHO\GD\V IRU WKHZKROH UHSODFHPHQWRI
DQDQK\GULWHVLQJOHFU\VWDOWRRFFXUFU\VWDOYROXPH5 6 mm3
DISCUSSION
The interaction between carbonate-bearing solution with 
anhydrite leads to the generation of pseudomorphs consisting of 
aggregates of calcite crystals. This interaction shows the typical 
FKDUDFWHULVWLFVRI DPLQHUDO UHSODFHPHQWSURFHVV 3XWQLV
3XWQLVDQG3XWQLV2XUGDWDUHYHDOWKDWWKHUHDFWLRQSUR-
JUHVVHVYLDWKHGLVVROXWLRQRIWKHSULPDU\SKDVHDQK\GULWHDQGWKH
growth of CaCO3 at the anhydrite-solution interface. The reaction 
involves the formation of a sharp, inward moving, reaction front 
VHSDUDWLQJWKHSULPDU\DQGVHFRQGDU\SKDVHV$OWKRXJKDQK\GULWH
carbonation shares major characteristics with gypsum carbonation 
)HUQiQGH]'tD]HWDOLWDOVRVKRZVVSHFLILFGLIIHUHQFHV
UHJDUGLQJWKHUHDFWLRQSDWKZD\VWKHWH[WXUDOFKDUDFWHULVWLFV
of the calcite crystal aggregates forming the pseudomorphs after 
WKHVSHFLILFFDOFLXPVXOIDWHPLQHUDODQGWKHUHDFWLRQNLQHWLFV
The factors responsible for these differences between anhydrite 
and gypsum carbonation are discussed below.
Reaction pathways in anhydrite carbonation vs. gypsum 
carbonation
7KHLQWHUDFWLRQEHWZHHQDQK\GULWHVXUIDFHDQGD0
Na2CO3 aqueous solution involves the formation of the CaCO3 
polymorph calcite since the very early stages of the reaction, 
with vaterite appearing only as a very minor phase that readily 




relatively simple reaction pathway contrast with the more com-
plex sequence of dissolution-crystallization reactions observed 
during the carbonation of gypsum under identical experimental 
FRQGLWLRQV)HUQiQGH]'tD]HWDO,QWKHFDVHRIJ\SVXP
carbonation the reaction started with the formation of a thin 
OD\HURIDPRUSKRXVFDOFLXPFDUERQDWH$&&ZLWKLQWKHILUVW
FIGURE 3. 6(0SKRWRPLFURJUDSKVVKRZLQJDQK\GULWH
DQG  FOHDYHG VXUIDFHV SDUWLDOO\ FRYHUHG E\ FDOFLWH DQG YDWHULWH
crystals after 1 h of interaction with Na2CO3DTXHRXVVROXWLRQVa±f
:KLWH DUURZV LQ SKRWRPLFURJUDSK d are pointing out some vaterite 
aggregates.
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PLQXWHVRIWKHUHSODFHPHQWSURFHVV7KLVHDUO\$&&OD\HUUHDGLO\
transformed to a mixture of vaterite and calcite. Furthermore, 
both crystalline carbonate polymorphs were still present after 
the carbonation reaction had finished, although the proportion 
of vaterite continued to decrease as a result of its solvent medi-
ated transformation into calcite and after 72 h of reaction only 
calcite was detected.
Two main factors can explain the different reaction pathways 
observed in the carbonation of both calcium sulfate phases. The 
first factor and, probably, the most important one is the existence 
or absence of epitactic relationships between the calcite over-
JURZWKDQGWKHFDOFLXPVXOIDWHVXEVWUDWH:KHUHDVWKHRYHUJURZWK
FOHDUO\LVHSLWDFWLFRQDQK\GULWHVXUIDFH)LJVDQGQR





of reaction. Only later did the calcite crystals become oriented 
with their cD[LVSHUSHQGLFXODUWRWKHUHWUHDWLQJJ\SVXP
surface as their growth progressed. The formation of metastable 
SKDVHVOLNH$&&DQGYDWHULWHDWWKHHDUO\VWDJHVRIWKHLQWHUDF-
tion in the case of gypsum carbonation was the consequence of 
WKHSUHGRPLQDQFHRINLQHWLFIDFWRUVRYHUWKHUPRG\QDPLFV7KLV
predominance is associated with the energy barrier that needs to 
be overcome for the heterogeneous nucleation of calcite on the 
surface of a calcium sulfate mineral to occur. This energy barrier 
significantly decreases when heterogeneous nucleation has an 
epitactic character, as it is the case for calcite forming on anhy-
GULWHVXUIDFH&KHUQRY7KHGLIIHUHQFHLQFRPSOH[LW\
of the reaction pathways operating during the interaction between 
a carbonate-bearing aqueous solution and anhydrite or gypsum 
highlights the importance of crystallographic relationships in 
defining mineralogical evolutions during mineral replacement 
SURFHVVHV$VLJQLILFDQWLQIOXHQFHRIFU\VWDOORJUDSKLFUHODWLRQ-
ships in the development of mineral replacement processes has 
FIGURE 4. a*;5'SDWWHUQVWDNHQRQDQK\GULWHDQGFOHDYHGVXUIDFHVDIWHUKRILQWHUDFWLRQZLWK1D2CO3 aqueous solutions. 
7KHPDLQhklUHÀHFWLRQVIRUFDOFLWHDQGRYDWHULWHDUHLQGLFDWHG,QSORWVLQb, c, and d, the vertical scale has been enlarged to more clearly 
VKRZYDWHULWHUHÀHFWLRQVLQWKHGLDJUDPVWDNHQRQDQGVXUIDFHVUHVSHFWLYHO\6(0SKRWRPLFURJUDSKVRIWKHVHVXUIDFHVDUH
shown in Figure 3.
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EHHQIRXQGLQVHYHUDOV\VWHPV)RUH[DPSOH;LDHWDOD
showed that the similarity of the crystal structures of pentlandite, 
)H1L9S8DQGYLRODULWH1L)H3S4, which facilitates the epitactic 
nucleation, promotes the replacement of petlandite by violarite 
XQGHUFRQGLWLRQVDWZKLFKRWKHUVXOILGHV>HJYDHVLWH1L62
DQG SRO\G\PLWH 1L3S4@ DUH WKHUPRG\QDPLFDOO\ PRUH VWDEOH
WKDQYLRODULWH6LPLODUO\4LDQHWDOFRQFOXGHGWKDWWKH
replacement of pyrrhotite by marcasite instead of pyrite under 
low-temperature hydrothermal conditions is facilitated by the 
higher crystallographic similarity between the S lattices in pyr-
rhotite and marcasite structures.
The second factor that might influence the different reac-
tion pathways observed during the carbonation reaction is the 










Consequently, supersaturation of the aqueous solution at the 
interface with respect to CaCO3 phases increases much more 
UDSLGO\GXULQJLQWHUDFWLRQZLWKJ\SVXPVXUIDFHVWKDQZLWK
DQK\GULWH VXUIDFHV WKHUHE\H[SODLQLQJ WKHIRUPDWLRQRI
PHWDVWDEOH$&&DVZHOODVKLJKHUDPRXQWVRIYDWHULWHGXULQJWKH




carbonate-anhydrite interface revealing the porosity associated with the replacement process. The image was acquired from a polished section of 
a partially replaced anhydrite crystal reacted for three days with a 0.5 M Na2CO3 aqueous solution.
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early stages of the carbonation of gypsum compared to the total 
ODFNRI$&&DQGRQO\PLQRUYDWHULWHIRUDQK\GULWHFDUERQDWLRQ
7KHLQIOXHQFHRIWKHGLIIHUHQWGLVVROXWLRQNLQHWLFVIRUHDFK
face could also explain the slightly different mineralogical 
SDWKZD\V REVHUYHG RQ DQK\GULWH  DQG  VXUIDFHV LQ
FRPSDULVRQ WR REVHUYHG RQ DQK\GULWH  VXUIDFH:KLOH
RQO\FDOFLWH LVGHWHFWHGRQDQK\GULWHVXUIDFHE\*;5'
at any reaction step, SEM observations evidence the formation 






leading to larger departures from equilibrium in the layer of 
aqueous solution close to this surface. This can explain both the 
formation of higher percentages of vaterite and its preservation 
during longer times as a main component of the carbonate layer 
RQDQK\GULWHFOHDYDJHVXUIDFHV
Textural characteristics of calcite pseudomorphs after 
anhydrite vs. calcite pseudomorphs after gypsum
Calcite pseudomorphs after gypsum are characterized by a 
WKLQILQHJUDLQHGULP±+PRIUDQGRPO\RULHQWHGFDOFLWH
crystals and a core of parallel columns of calcite crystals in a 
VWRFNDGHOLNHDUUDQJHPHQW)HUQiQGH]'tD]HWDO7KLV
textural feature is the consequence of an initial nucleation of 
UDQGRPO\ RULHQWHG FDOFLWH FU\VWDOV RQ J\SVXP  'XH WR
WKHIDVWHUFDOFLWHJURZWKDORQJWKH>@GLUHFWLRQGLIIHUHQWO\
oriented crystals compete for space as they grow. Only those 
calcite crystals whose c-axis is perpendicular to the original 







hydrite cleavage surfaces is epitactic. In all the cases, the first 
FDOFLWHFU\VWDOVWRIRUPKDYHRQHRIWKHLUVXUIDFHVOD\LQJ
RQWKHFRUUHVSRQGLQJDQK\GULWHFOHDYDJHVXUIDFH$VDOOWKHVH
calcite crystals are equally oriented on anhydrite surface, com-
petitive growth between them does not occur. On the contrary, 
the existence of epitactic relationships promotes their growth 
SDUDOOHOWRWKHDQK\GULWHVXUIDFH6XQDJDZDZKLFKOHDGV
to their coalescence and the formation of a compact calcite layer 
that shields the anhydrite.
Further textural differences between gypsum and anhydrite 
result from the very different change in molar volume involved 
LQ WKH FDUERQDWLRQRI WKHVH WZRFDOFLXPVXOIDWHSKDVHV%RWK
gypsum and anhydrite have larger molar volumes than calcite. 
This means that in both cases carbonation is accompanied by 
a negative volume change. Consequently for a pseudomorphic 
process this volume change needs to be balanced by the genera-
tion of porosity. This is indeed the case in the replacement of 
anhydrite by calcite, which involves a volume change of ¾±
cm3PRO¾6P\WKDQG0F&RUPLFN7KHSRURVLW\
generated to compensate this volume change is confined within 
the transformed layer and shows a basically homogeneous dis-
tribution during the early stages of the carbonation process. The 
difference between the molar volumes of gypsum and calcite 
LV VLJQLILFDQWO\ ODUJHU ¾± FP3PRO ! 6P\WK DQG
0F&RUPLFNZKLFKGHWHUPLQHVWKDWWKHYROXPHFKDQJH
associated to the carbonation reaction can only be partially 
compensated by the generation of porosity. Part of this volume 
change is compensated by the formation of a gap between the 
replaced layer and the retreating surface of gypsum. The size of 
this gap increases as the transformation advances. The formation 
of similar gaps at the interface between primary and secondary 
phases has been observed during replacement processes, which 





of gypsum determines the loss of adhesion between the retreating 
gypsum surface and the replaced layer and eventually leads to 
the formation of a hollow core within calcite pseudomorphs after 
gypsum. This, together to the larger amount of porosity formed, 
confers these pseudomorphs with a much more fragile nature 
than calcite pseudomorphs formed after anhydrite. In nature 
the transformation of anhydrite to calcite generates reduction of 
volume that may cause the development of porosity or deforma-
tion in the sediment layers. For example: the nodules of sulfur 
RIWKH0HVVLQLDQRI&\SUXV5RXFK\HWDODQGWKHVXOIDWH
HYDSRUDWHV LQ WKH0LGGOH0LRFHQH 3LHUUHDQG5RXFK\
in the Gulf of Suez are associated with abnormally deformed 
secondary carbonates formation associated to sulfate evaporates 
LQWKH0LGGOH0LRFHQH3LHUUHDQG5RXFK\
Reaction kinetics of anhydrite carbonation vs. gypsum 
carbonation
The carbonation of anhydrite occurs at much lower rate than 
the carbonation of gypsum. For example, a gypsum single crystal 
FIGURE 6. /LQHDU LQFUHDVH LQ WKLFNQHVV RI WKH WUDQVIRUPHG OD\HU
DVD IXQFWLRQRI WLPH7KLFNQHVVYDOXHVFRUUHVSRQG WR WKHDYHUDJHRI
a minimum of 20 measurements on 3 sections of partially replaced 
anhydrite crystals at each time step. The error bars corresponds to the 
error of measurement.
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with volume 5 6 mm3 is completely replaced by CaCO3 after 




carbonation is a consequence of two factors. The first factor 
LV WKHGLIIHUHQWGLVVROXWLRQNLQHWLFVRIJ\SVXPDQGDQK\GULWH
Since the solution layer closer to the calcium sulfate mineral 
surface becomes rapidly supersaturated with respect to any 
CaCO3 polymorphs, CaCO3 precipitation occurs immediately. 
Therefore, dissolution of the calcium sulfate mineral is the rate 
determining step of the carbonation process. Consequently, the 
much slower dissolution of anhydrite in comparison to gypsum 
can explain the much slower anhydrite carbonation. The second 
IDFWRUWKDWFDQFRQWULEXWHWRPDNHDQK\GULWHFDUERQDWLRQDVORZHU
process is the significantly smaller volume of porosity that is 
generated during the former reaction. For the carbonation process 
to proceed, a permanent communication between the interface 
ZKHUHWKHUHDFWLRQRFFXUVDQGWKHEXONVROXWLRQLVUHTXLUHG7KLV
communication through the formed porosity guarantees continu-
ous supply of CO3
± ions toward the calcium sulfate surface and 
those can react with the Ca released to the fluid as a result of 
PLQHUDOGLVVROXWLRQ$FDOFLXPFDUERQDWHOD\HUZLWKDVLJQLIL-
cantly smaller amount of porosity will decrease the diffusion 
of CO3
± toward the surface of the calcium sulfate due to partial 
armoring of the primary phase, anhydrite in this case. This leads 
then to a slower carbonation process.
It is interesting that, although anhydrite carbonation occurs 
at a much slower rate than that of gypsum, its rate remains 
constant until the process is complete and anhydrite single 
crystals are fully transformed into aggregates of small calcite 
crystals. On the contrary, gypsum carbonation rate is very high 
during the early stages of the process but it significantly slows 




the depletion of CO3
± in the aqueous solution due to the forma-
tion of CaCO3SKDVHVDQGWKHSURJUHVVLYHLQFUHDVHRIWKH
SO4
±&23± ratio in the aqueous solution at the interface. However, 
this explanation is not in good agreement with the observation 
that anhydrite carbonation rate remains constant during the 
ZKROHSURFHVV,QGHHGWKHIRUPDWLRQRIDWKLFNOD\HURI&D&23, 
which is significantly less porous than that formed during the 
carbonation of gypsum, should lead to a clearer slow down of the 
reaction in the case of anhydrite. The chemical composition of 
the sulfate phases can also play a decisive role. During gypsum 
dissolution two molecules of water for each Ca and SO4± ions 
are being released to the aqueous solution confined into the gap 
developed between the replaced layer and the retreating surface 
of gypsum. This has a dilution effect that leads to a reduction of 
the supersaturation with respect to any CaCO3 phase at interface. 
$VDUHVXOWWKHFDUERQDWLRQUHDFWLRQZLOOWHPSRUDOO\VORZGRZQ
or even stop until a high enough amount of CO3
± ions diffuse to 
the aqueous solution filling the gap between the carbonate layer 
and the gypsum surface. Since the communication between the 
FDUERQDWHEHDULQJEXONIOXLGDQGWKHJ\SVXPVXUIDFHVEHFRPHV
progressively more difficult as the carbonate layer becomes 
WKLFNHUWKHVORZGRZQRIWKHFDUERQDWLRQUHDFWLRQEHFRPHVDS-
parent as the process progresses. In contrast, the dissolution of 
anhydrite is not accompanied by any dilution effect, which can, 
at least partially, explain that anhydrite carbonation proceeds at 
approximately constant rate, even though the volume of porosity 




phases will be the object of further investigation.
IMPLICATIONS FOR CALCIUM SUFATE CARBONATION 
PROCESSES
The experimental results show that the carbonation of anhy-
drite involves the early nucleation of epitactic calcite on the three 
main anhydrite cleavage surfaces. Calcite can be accompanied 
by small amounts of vaterite at early stages of the carbonation 
processes in two of these surfaces, defining two different surface-
related reaction pathways: anhydrite A calcite and anhydrite A 
FDOFLWHYDWHULWHAFDOFLWH:HLQWHUSUHWWKHVHUHDFWLRQSDWKZD\V
as reflecting the differences in supersaturation with respect to 
CaCO3 phases at the fluid-anhydrite interface that result from 
WKHGLIIHUHQWGLVVROXWLRQUDWHRIDQK\GULWHFOHDYDJHVXUIDFHV:H
interpret these pathways during anhydrite carbonation as result-
LQJIURPWZRIDFWRUV7KHWZRRUGHUVRIPDJQLWXGHVORZHU
GLVVROXWLRQ NLQHWLFV RI DQK\GULWH LQ FRPSDULVRQ WR J\SVXP
which determines a much slower supersaturation rate for CaCO3 
SKDVHVDWWKHIOXLGDQK\GULWHLQWHUIDFH7KHH[LVWHQFHRIHSL-
tatic relationships between calcite and all three main anhydrite 
FOHDYDJH VXUIDFHV$QK\GULWH FDUERQDWLRQ UHDFWLRQ LQYROYHV D
negative volume change, which is compensated by the genera-
tion of microporosity. For the reaction times considered in this 
ZRUNWKLVPLFURSRURVLW\LVKRPRJHQHRXVO\GLVWULEXWHGZLWKLQWKH
carbonate layer and a sharp contact exists between the carbonate 
layer and the anhydrite core. This porosity provides a continu-
ous communication between the carbonate-bearing fluid and the 
calcite-anhydrite interface, thereby guaranteeing the progress of 
DQK\GULWHFDUERQDWLRQDWDFRQVWDQWUDWH$QK\GULWHFDUERQDWLRQ
progresses at a much slower rate than the carbonation of gypsum. 
7KHGLIIHUHQWFDUERQDWLRQNLQHWLFVRIWKHVHWZRFDOFLXPVXOIDWH
SKDVHVFDQEHH[SODLQDVDULVLQJIURPWKHVORZHUGLVVROXWLRQ
NLQHWLFV RI DQK\GULWH FRPSDUHG WR J\SVXP DQG  WKH PXFK
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by indirect carbonation of artificial gypsum generated in the manufacture of 
WLWDQLXPGLR[LGHSLJPHQWV&KHPLFDO(QJLQHHULQJ-RXUQDO±
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Replacement of pyrrhotite by pyrite and marcasite under hydrothermal condi-








tion of guerinite, sainfeldite, and Ca21D+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surface atomic structures of ionic crystals studied by atomic microscopy 
observation of various faces of CaSO4FU\VWDOLQVROXWLRQV-RXUQDORI9DFXXP6FLHQFHDQG7HFKQRORJ\%±
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Three-dimensional ordered arrays of zeolite nanocrystals with uniform size and 
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